The semicircular canals in the inner ear sense angular acceleration. In zebrafish, the semicircular canals develop from epithelial projections that grow toward each other and fuse to form pillars. The growth of the epithelial projections is driven by the production and secretion of extracellular matrix components by the epithelium. The conserved oligomeric Golgi 4 protein, Cog4, functions in retrograde vesicle transport within the Golgi and mutations can lead to sensory neural hearing loss. In zebrafish cog4 mutants, the inner ear is smaller and the number of hair cells is reduced. Here, we show that formation of the pillars is delayed and that secretion of extracellular matrix components (ECM) is impaired in cog4 −/− mutants. These results show that Cog4 is required for secretion of ECM molecules essential to drive the growth of the epithelial projections and thus regulates morphogenesis of the semicircular canals.
Introduction
The inner ear is composed of the cochlea, for auditory sensation, and the vestibular apparatus essential for balance. In the vestibular apparatus, the vestibule and the semicircular canals detect linear and angular acceleration, respectively. The size and formation of semicircular canals differ among species (Alsina and Whitfield, 2017) . In zebrafish, formation of the semicircular canals starts with epithelial projections of the otic vesicle that extend toward each other (Haddon and Lewis, 1996; Waterman and Bell, 1984) . Opposite projections ultimately contact one another and fuse to form the pillars (Haddon and Lewis, 1996; Waterman and Bell, 1984) that later differentiate into semicircular canals.
In Xenopus laevis, scanning electron microscopy and Alcian blue staining showed that the epithelial projections are filled with extracellular matrix (ECM) and that the ECM drives their growth (Haddon and Lewis, 1991) . Injection of hyaluronidase into the epithelial protrusions led to their collapse, indicating that hyaluronan is a major component of the ECM (Haddon and Lewis, 1991) . In addition, Geng and colleagues showed that the epithelial projections express several markers of the ECM during their growth, such as hyaluronan, chondroitin sulfate proteoglycan, and collagen type II (Geng et al., 2013) .
A critical step in making the ECM is secretion of its components. The Conserved oligomeric Golgi (COG) complex is composed of eight proteins, COG1-8, distributed between two lobes, A and B. The COG complex functions in retrograde vesicle transport within the Golgi, particularly vesicle tethering (Miller and Ungar, 2012) . Physiologically, the COG proteins participate in sorting glycosylation enzymes to maintain glycosylation homeostasis (Miller and Ungar, 2012) . Thus, defects in COG proteins lead to aberrant glycoconjugate synthesis, protein sorting, and protein secretion. The COG4 protein is a subunit of lobe A. In humans, COG4 mutations lead to congenital disorders of glycosylation type IIJ. Patients affected with this disease present with a range of symptoms including dysmorphia, microcephaly, developmental delay, hypotonia, seizures, failure to thrive, coagulopathy, liver cirrhosis, and nystagmus (Ng et al., 2011; Reynders et al., 2009; Richardson et al., 2009) . Recently, a mutation in COG4 was associated with Saul-Wilson syndrome, a rare disease characterized by dysmorphia and developmental delay (Ferreira et al., in press ). Some patients with this mutation also display sensorineural hearing loss. In zebrafish mutants for cog4, we found phenotypes similar to the symptoms of human Saul-Wilson syndrome. cog4 −/− mutants are shorter and display smaller jaws, due to improper stacking of chondrocytes, stubby pectoral fins, and smaller eyes and ears (Ferreira et al., in press ). Here, we investigated the mechanism that gives rise to the inner ear phenotype in zebrafish cog4 mutants. We found that the semicircular canals do not develop correctly in cog4 −/− mutants. Extension of the epithelial projections that form the pillars is delayed. We show that this delay is due to defective secretion of ECM components.
